Introduction {#Sec1}
============

Epidermal growth factor receptor (EGFR) is an oncogenic driver in many human cancers^[@CR1]--[@CR3]^ and EGFR amplification as well as EGFR activating mutations are associated with poor prognosis and decreased patient survival. Consequently, EGFR is considered as one of the most important molecular targets in clinical oncology. Currently available EGFR targeting agents include small-molecule receptor tyrosine kinase inhibitors (RTKI)^[@CR4]^ and monoclonal antibodies (mAb) such as Cetuximab^[@CR5]^. However, the intrinsic and acquired resistance to EGFR inhibitors in tumor cells has become a significant challenge in EGFR-targeted therapies. For example, KRAS mutations and activation of HER2 are significantly associated with resistance to Cetuximab therapy in colorectal cancer patients^[@CR6],\ [@CR7]^. Furthermore, the EGFR secondary mutation T790M^[@CR8]^ and MET amplification^[@CR9]^ have been shown to play a major role in the resistance of lung cancer cells to small molecule EGFR inhibitors. Activation of cell death pathways in tumor cells using death receptor agonists has been identified as a promising approach in many cancer types and is currently in clinical trials^[@CR10]^. However, the varying response of tumor cells to DR agonist-mediated apoptosis in different cancer types has limited their use in a broader spectrum of tumors^[@CR11]--[@CR13]^. Thus there is an urgent need to develop and characterize tumor specific agents to overcome these resistance mechanisms. Simultaneous targeting of both cell death and proliferation pathways offers a strong rationale to achieve therapeutic efficacy in a broad spectrum of cancer patients unresponsive to mono-therapeutic approaches.

Bi-specific antibodies targeting EGFR and other receptor tyrosine kinases (RTKs) have been shown to improve outcomes in comparison to monospecific therapy in certain cancer contexts^[@CR14],\ [@CR15]^. Moreover, molecular targeting of EGFR with antibody conjugates such as anti-EGFR human Fab-Taxol^[@CR16]^, or boronated EGFR mAb^[@CR17]^ have shown some efficacy against EGFR driven tumors. However, none of these EGFR conjugate studies has addressed whether these agents are effective in cancers, which are inherently non-responsive to individual or combinational therapies and whether anti-tumor efficacy is altered in tumor cells which harbor oncogenic mutations downstream of EGFR.

Nanobodies (Nbs) are derived from heavy chain-only antibodies found in camelids (e.g. llama), and consist solely of the antigen binding domain (VHH)^[@CR18]^. Recently, Nbs specific to cancer-related antigen such as EGFR^[@CR19]^, hepatocyte growth factor (HGF)^[@CR20]^ or chemokine receptor CXCR7^[@CR21]^ have been isolated, and Nb-based anti-cancer therapies have been emerging^[@CR22]^. Llama glama-derived EGFR-specific nanobodies (ENbs) have been shown to sterically hinder receptor-ligand binding, thereby inhibiting EGFR downstream signalling. In an effort to allow simultaneous targeting of multiple surface receptor-mediated pathways, we have previously engineered bivalent ENbs and shown their efficacy in mouse tumor models^[@CR23]^. In this study, we extensively studied the molecular mechanism of ENb-TRAIL mediated cell killing in a broad spectrum of colorectal cancer, lung cancer, and glioma cell lines non-responsive to EGFR and death receptor targeted therapies. In order to translate our findings into clinical settings, we further explored the potential of using synthetic extracellular matrix (sECM) encapsulated stem cells expressing ENb-TRAIL in a mouse tumor model of glioblastoma resection which mimics the clinical scenario of glioblastoma tumor growth and resection.

Results {#Sec2}
=======

ENb-TRAIL induces apoptosis in cancer cells unresponsive to EGFR and DR targeted mono-therapies {#Sec3}
-----------------------------------------------------------------------------------------------

ENb-TRAIL consists of cDNA fusions encoding bivalent and bispecific EGFR targeted nanobodies (ENbs) and a potent cytotoxic variant of TRAIL (Fig. [S1A](#MOESM1){ref-type="media"}). To investigate the wide range of therapeutic efficacy of ENb-TRAIL in different types of tumors, we tested ENb-TRAIL on a panel of EGFR amplified, mutated or wild type colon (HT29, HCT116), lung (Calu1, HCC827), and glioma (LN229, GBM6) cell lines with varying levels of EGFR, DR4 and DR5 expression levels (Fig. [S1B,C](#MOESM1){ref-type="media"}). A significantly reduced cell viability associated with increased caspase 3/7 activity was observed in all six cell lines treated with a low dose of ENb-TRAIL as compared to TRAIL and control (Fig. [1A](#Fig1){ref-type="fig"}). To understand the mechanism of ENb-TRAIL function, we compared the efficacy of ENb-TRAIL with EGFR-targeted therapeutics (monoclonal antibody Cetuximab, ENb or Erlotinib) or with TRAIL alone at different doses in HT29 (colon), Calu1 (lung), and LN229 (glioma) tumor lines. Monotherapy with both EGFR binding antibodies (Cetuximab, ENb) as well as with the EGFR-specific tyrosine kinase inhibitor, Erlotinib did not influence the cell viability of the cell lines tested (Fig. [1B](#Fig1){ref-type="fig"}). However treatment with Erlotinib resulted in inhibition of EGFR and pAKT activity (Fig. [S2](#MOESM1){ref-type="media"}). Similarly all the tumor cell types were unresponsive to TRAIL-mediated apoptosis (Fig. [1B](#Fig1){ref-type="fig"}). In contrast, ENb-TRAIL treatment significantly reduced cell viability in a dose dependent manner (Fig. [1B](#Fig1){ref-type="fig"}) and resulted in apoptosis mediated by caspase 8 cleavage, and subsequent cleavage of PARP (Fig. [1C](#Fig1){ref-type="fig"}). These results demonstrate that ENb-TRAIL induces caspase-mediated apoptosis in tumor cells that are unresponsive to EGFR and DR-targeted therapy.Figure 1ENb-TRAIL has superior efficacy in cancer cells resistant to EGFR-targeted therapy and DR agonist TRAIL *in vitro*. (**A**) Cell viability and caspase 3/7 activity of tumor cells from different cancer types in response to 24 h treatment with TRAIL (50 ng/ml) or ENb-TRAIL (50 ng/ml). (**B**) Cell viability of HT29, Calu1 and LN229 cells in response to 24 h treatment with Cetuximab, ENb, Erlotinib, TRAIL or ENb-TRAIL. (**C**) Western blot showing the induction of apoptosis in tumor cells 24 h-post treatment with ENb-TRAIL (50 ng/ml) as compared to ENb (100 nM) or TRAIL (50 ng/ml). (**D**) Western blot analysis of EGFR signaling in ENb or ENb-TRAIL treated LN229 cells. (**E**) Western blot analysis showing the induction of apoptosis in ENb-TRAIL vesus the combination of ENb and TRAIL treated tumor cells (post 24 h treatment). \*P \< 0.05, \*\*P \< 0.005 and \*\*\*P = 0.0001 determined by unpaired *t* test. Error bars indicate SD. Western blots were cropped to show specific bands only. For uncropped blots see Fig. [S11](#MOESM1){ref-type="media"}.

To test whether the apoptotic effect of ENb-TRAIL is simply through simultaneous targeting of EGFR and DR pathways, we compared the efficacy of ENb-TRAIL with the combination of EGFR blockade and TRAIL. Western blot analysis showed that both ENb and ENb-TRAIL significantly reduced ligand-dependent activation of EGFR and its downstream effectors PI3K/AKT, MAPK and mTOR/ribosomal S6 (Fig. [1D](#Fig1){ref-type="fig"}). However, ENb-TRAIL treatment was much more efficient in inducing DR-mediated apoptosis as compared to combined treatment with ENb plus TRAIL in TRAIL insensitive HT29, Calu1 and LN229 cells (Figs [1E](#Fig1){ref-type="fig"} and [S3A,B](#MOESM1){ref-type="media"}). Moreover, pretreatment with Erlotinib prior to TRAIL or ENb-TRAIL treatment did not influence the viability of HT29 and LN229 tumor cells (Fig. [S3C](#MOESM1){ref-type="media"}). Together, these results show that ENb-TRAIL blocks EGFR activity as effectively as ENb, however, ENb-TRAIL mediated induction of apoptosis is not recapitulated by the combination treatment of EGFR inhibition and TRAIL. These results indicate that ENb-TRAIL is directly involved in activating DR signaling in addition to blocking EGFR and priming tumor cells for DR mediated apoptosis.

ENb-binding to EGFR is critical for ENb-TRAIL activation of apoptosis {#Sec4}
---------------------------------------------------------------------

To assess the superior function of ENb-TRAIL over the combination of ENb and TRAIL, we next investigated the additional role of ENb in EGFR signaling. Flow cytometry analysis showed that all three lines had similar cell surface DR5 expression levels, whereas LN229 cells showed a low level cell surface EGFR and almost no cell surface DR4 expression compared to HT29 and Calu1 (Fig. [2A](#Fig2){ref-type="fig"}). These data suggested that DR5 might play a more important role than DR4 in ENb-TRAIL induced apoptosis. Next, we compared ENb with EGFR monoclonal antibody Cetuximab to block ENb-TRAIL binding to EGFR. Both ENb and Cetuximab are known to target the extracellular domain III of EGFR^[@CR19],\ [@CR24],\ [@CR25]^, therefore Cetuximab should compete with ENb-TRAIL binding to EGFR. Western blot analysis of cleaved caspase-8 and caspase 3/7 activity assays revealed that the pre-treatment with Cetuximab or ENb were comparable and significantly reduced ENb-TRAIL induced apoptosis in all the three tumor lines tested (Figs [2B,C](#Fig2){ref-type="fig"} and [S4](#MOESM1){ref-type="media"}). To further investigate the role of EGFR binding in apoptosis induction post ENb-TRAIL treatment, we performed co-immunoprecipitation assays to evaluate changes in EGFR and DR5 interaction in the presence of ENb-TRAIL and Cetuximab. EGFR and DR5 formed a complex in the presence of ENb-TRAIL in all three lines. Pre-treatment with Cetuximab significantly reduced ENb-TRAIL-induced apoptosis in LN229 and HT29 cells but this apoptosis inhibition was not to the same extent in Calu1 cells. The reduced apoptosis inhibition in Calu1 was correlated with the reduced blocking of EGFR-ENb-TRAIL-DR5 complex by Cetuximab (Fig. [2D](#Fig2){ref-type="fig"} and [S5A](#MOESM1){ref-type="media"}). These results indicate that ENb-binding to EGFR is critical for *EGFR*-ENb-TRAIL-*DR5* complex formation and ENb-TRAIL induced activation of the caspase cascade in ENb and TRAIL insensitive tumor cells.Figure 2ENb-binding to EGFR is critical for ENb-TRAIL activation of apoptosis. (**A**) Differential cell membrane EGFR, DR4, and DR5 expression levels in LN229, HT29 and Calu1 cells measured by Flow Cytometry. Left panel: cell membrane EGFR expression. Right panel: cell membrane DR4 and DR5 expression. (**B--C**) Cells were pretreated with Cetuximab for 30 min and then treated with ENb-TRAIL for 8 h and apoptosis markers were analyzed by Western blotting (**B**) and caspase 3/7 assay (**C**). \*P \< 0.05 determined by unpaired *t* test. Error bars indicate SD. (**D**) Co-immunoprecipitation and Western blot analysis showing EGFR and DR5 complex formation in the presence of ENb-TRAIL and the attenuation of complex by Cetuximab. Western blots were cropped to show specific bands only. For uncropped blots see Fig. [S12](#MOESM1){ref-type="media"}.

DR5 plays a major role in ENb-TRAIL mediated apoptosis {#Sec5}
------------------------------------------------------

To understand the dynamics of EGFR and DR5 on tumor cells post ENb-TRAIL binding and subsequent activation of DR5, we engineered fusion constructs EGFR-YFP, DR4-CFP and DR5-CFP and co-expressed EGFR-YFP and DR5-CFP or DR4-CFP in 293T cells (Figs [3A,B](#Fig3){ref-type="fig"} and [S5B](#MOESM1){ref-type="media"}). We then tested whether binding of ENb-TRAIL led to receptor clustering and FRET between EGFR-YFP and DR5-CFP or DR4-CFP (Fig. [3C](#Fig3){ref-type="fig"}). Time-lapse acquisition of FRET analysis showed that transient expression of EGFR-YFP and DR5-CFP displayed a basal level of FRET signal and treatment with ENb-TRAIL led to a rapid increase in the FRET signal accompanied by DR5-CFP clustering in 293 T (Fig. [3C](#Fig3){ref-type="fig"}; upper panel). In contrast, there was no increase in FRET signal between EGFR-YFP and DR4-CFP upon ENb-TRAIL treatment (Fig. [3C](#Fig3){ref-type="fig"}; lower panel). To test whether DR4 also functions in ENb-TRAIL induced apoptosis, we introduced DR4-CFP into EGFR and TRAIL insensitive LN229 cells that have minimal levels of membrane DR4 (Fig. [2A](#Fig2){ref-type="fig"}). The overexpression of DR4-CFP in LN229 cells increased the basal level of apoptotic cells measured by caspase 3/7 activity but had no significant effect on ENb-TRAIL mediated induction of apoptosis compared to overexpression of LN229-CFP cells (Fig. [S6](#MOESM1){ref-type="media"}). These data imply that DR5 and EGFR are co-localized in the plasma membrane and binding of ENb-TRAIL results in EGFR and DR5 receptor clustering. Next we evaluated whether shRNA knock down of either DR4 or DR5 influences ENb-TRAIL induced apoptosis. Stable expression of DR4 or DR5 shRNA in HT29 cells resulted in a significant reduction in the membrane expression of DR4 and DR5 respectively (Fig. [3D](#Fig3){ref-type="fig"}). Cell viability and caspase 3/7 assays showed that the reduction of membrane DR5 and to a lesser extent DR4 significantly reduced ENb-TRAIL mediated apoptosis (Fig. [3E,F](#Fig3){ref-type="fig"}). The results suggest that DR5 plays a major role in ENb-TRAIL induced apoptosis.Figure 3TRAIL receptor DR5 plays a major role in ENb-TRAIL-induced apoptosis. (**A**) Schematic showing DR4/5-CFP and EGFR-YFP fusion protein constructs. (**B**) Western blot analysis of DR5-CFP/YFP and EGFR-CFP/YFP expression in 293 T cells. (**C**) Changes in FRET signal between DR4/5-CFP and EGFR-YFP post treatment with ENb-TRAIL in 293 T cells. The left panels show frames from time lapse collection of DR5-CFP or DR4-CFP + EGFR-YFP signals and calculated N-FRET index (Xia); index is not calculated for overexposed signal. Right panel: The quantification of N-FRET index over 1 h period. Cells were treated with ENb-TRAIL at time 0 min. (**D**) Flow cytometry analysis of membrane DR5 or DR4 level in knocked down (DR5 KD, DR4 KD) HT29 cells. (**E**) Caspase 3/7 activity assay and (**F**) cell viability assay analysis of DR5 or DR4 KD effect on ENb-TRAIL induced apoptosis. \*P \< 0.05, \*\*P \< 0.005 and \*\*\*P = 0.0001 determined by unpaired *t* test. Error bars indicate SD. Western blots were cropped to show specific bands only. For uncropped blots see Fig. [S12](#MOESM1){ref-type="media"}.

Therapeutic stem cell delivered ENb-TRAIL has anti-tumor effects *in vitro* and *in vivo* {#Sec6}
-----------------------------------------------------------------------------------------

Short drug half-life and dose-limiting nonspecific toxicities are major challenges for systemic delivery of anti-cancer agents^[@CR26]^. As human mesenchymal stem cells (MSCs) are attractive candidates for targeted cellular delivery of therapeutics^[@CR27]^, we sought to test the efficacy of MSC delivered ENb-TRAIL *in vivo*. We screened the response of human MSC to varying doses of ENb-TRAIL and show that MSC are resistant to ENb-TRAIL (Figs [4A](#Fig4){ref-type="fig"} and [S7](#MOESM1){ref-type="media"}). Similarly, ENb-TRAIL did not significantly reduce viability of human astrocytes in culture (Fig. [S8](#MOESM1){ref-type="media"}). We therefore engineered MSC to constitutively secrete ENb-TRAIL. *In vitro* co-culture of MSC-ENb-TRAIL- IRES-GFP or MSC-GFP with tumor cells engineered to express the dual imaging marker Fluc-mCherry (FmC) showed that MSC delivered ENb-TRAIL has therapeutic efficacy (Fig. [4B](#Fig4){ref-type="fig"}). *In vivo* we implanted an ad-mixture of labeled colon cancer cells HT29-FmC (Fig. [4C](#Fig4){ref-type="fig"}), lung cancer cells Calu1-FmC (Fig. [4D](#Fig4){ref-type="fig"}) and glioblastoma cells, LN229-FmC (Fig. [4E](#Fig4){ref-type="fig"}) with MSC-ENb-TRAIL or MSC-GFP and followed tumor cell fate by Fluc bioluminescent imaging. A significant decrease of tumor volumes was observed in all three tumor cell lines implanted with MSC-ENb-TRAIL as compared to the controls as early as 48 h post implantation. By 96 h, a decrease of over 90% of Fluc signal was observed in these cell lines as compared to the time of implantation (Fig. [4C--E](#Fig4){ref-type="fig"}). These data show that MSC delivered ENb-TRAIL is effective *in vivo* in ENb and TRAIL non-responsive tumor cells.Figure 4Therapeutic stem cell delivered ENb-TRAIL is effective *in vitro* and *in vivo*. (**A**) Plot showing the response of human MSC to different concentrations of ENb-TRAIL. (**B**) Tumor cells were engineered with FmC and tumor cell viability was visualized by Fluc bioluminescence imaging 48 h post co-culture with MSC-GFP or MSC-ENb-TRAIL-IRES-GFP. Left panel: high magnification fluorescence images of co-culture; Right panel: Fluc bioluminescence images of co-culture and the quantification of Fluc signals. \*P \< 0.001 determined by unpaired *t* test. Error bars indicate SD. (**C**--**E**) Mice were subcutaneously implanted with HT29-FmC cells (**C**), Calu1-FmC cells (**D**) or LN229-FmC (**E**) cells and ad-mixed with MSC (GFP or ENb-TRAIL-IRES-GFP) and the fate of tumor cells was followed by Fluc bioluminescence imaging. Representative Fluc bioluminescence images and quantitation is shown as fold of 0 h post implantation. Data are mean +/−SD.

In order to validate the above findings in mouse models that mimic the clinical scenario of tumor growth and treatment with surgical resection, we chose a patient derived recurrent primary glioblastoma line, GBM31R (isolated after the first-line resection and treatment with temozolomide) that has low-level surface expression of EGFR and DR4 and high level of DR5 and responds to ENb-TRAIL treatment in a dose dependent manner (Fig. [S9A--C](#MOESM1){ref-type="media"}). GBM31R cells were engineered to express the dual imaging marker FmC (GBM31R-FmC) (Fig. [S9D](#MOESM1){ref-type="media"}) and an admixture of GBM31R-FmC and MSC-GFP or MSC-ENb-TRAIL (3:1 ratio) were implanted into the right cerebral hemisphere. Fluorescence imaging on brain sections from mice on day 3 post administration showed the presence of both cell types (Fig. [5A](#Fig5){ref-type="fig"}). A significant reduction in tumor cell growth as indicated by FLuc signal intensity was seen in mice that received MSC-ENb-TRAIL as compared to control treatment (Fig. [5B](#Fig5){ref-type="fig"}). H&E stains of brain sections additionally confirmed the reduction of tumor burden in mice treated with MSC-ENb-TRAIL as compared to control mice (Fig. [5C](#Fig5){ref-type="fig"}). Immuno-staining of brain sections revealed an increased expression of cleaved caspase-3 in tumors brains treated with MSC-ENb-TRAIL as compared to controls (Fig. [5D](#Fig5){ref-type="fig"}). To exclude ENb-TRAIL induced toxicity in normal brain, MSC-ENb-TRAIL were implanted into the right cerebral hemisphere of naïve mice followed by assessment for ENb-TRAIL induced cell killing in the normal brain surrounding the implantation site. Immuno-staining of brain sections did not show any expression of cleaved caspase-3 in the GFAP expressing normal brain cells (Fig. [S10](#MOESM1){ref-type="media"}).Figure 5MSC delivered ENb-TRAIL has anti-tumor effects in mouse tumor model of GBM resection. (**A**) Photomicrographs from mice brains on Day 3 post-implantation of GBM31R-FmC (red) and engineered MSC (green). (**B**) Plot showing changes in tumor volumes of GBM31R-FmC cells as compared to Day 0 following treatment with MSC-GFP or MSC-ENb-TRAIL-IRES-GFP (**C**) H&E stain from mouse brain sections obtained 21 days post MSC administration. (**D**) Plot showing changes in cleaved Caspase 3 expression on brain sections harvested 3 days post administration of MSC-GFP or MSC-ENb-TRAIL (inset) representative photomicrographs revealing expression of Cl. Caspase 3 (**E**) Top: Timeline of GBM *in vivo* experiment and MSC-ENb-TRAIL efficacy in the GBM31R resection mouse model. Bottom left: Light and fluorescence photomicrographs of an intracranial implanted GBM31R-FmC tumor in a cranial window prior to resection; Bottom right: Light and merged fluorescence photomicrograph of the tumor resection cavity (red; remaining GBM31R-FmC tumor cells) before and after implantation of sECM encapsulated MSC-GFP cells (green). (**F**) Analysis of pre- and post-resection Fluc intensity (normalized to pre-resection). (**G**) Plot demonstrating the GBM31R-FmC tumor growth post-resection in different treatment groups over time (Control vs. ENb-TRAIL at day 27, p = 0.066). (**H**) Kaplan-Meier survival curve analysis of different treatment groups (SC-ENb-TRAIL vs. SC-GFP p \< 0.0001; SC-ENb-TRAIL vs. SC-ENb p \< 0.0019). \*P \< 0.05, \*\*P \< 0.005 and \*\*\*P \< 0.0001, determined by unpaired *t* test.

To mimic the clinical scenario of surgical GBM debulking, we developed an orthotopic mouse model of GBM31R resection and evaluated the efficacy of sECM encapsulated MSC delivered ENb-TRAIL in this model. Mice bearing GBM31R-FmC tumors (Figs [5E](#Fig5){ref-type="fig"} and [S9E](#MOESM1){ref-type="media"}) underwent fluorescence guided tumor resection (Fig. [5E](#Fig5){ref-type="fig"}) which resulted in significant tumor reduction (Fig. [5F](#Fig5){ref-type="fig"}). To avoid washout of MSC in the tumor resection cavity, engineered MSC were encapsulated in synthetic extracellular matrices (sECM) and subsequently implanted in the tumor resection cavity (Fig. [5E](#Fig5){ref-type="fig"}). Bioluminescent imaging showed that mice treated with sECM-MSC-ENb-TRAIL had significantly less tumor re-growth as compared to the sECM-MSC-GFP treated group (Fig. [5G](#Fig5){ref-type="fig"}) resulting in a significant increase in the median survival of sECM-MSC-ENb-TRAIL treated mice (118 days vs 73.5 days) (Fig. [5H](#Fig5){ref-type="fig"}). Together, these data reveal that MSC delivered ENb-TRAIL specifically kills tumor cells in the brain and has therapeutic efficacy in a mouse tumor model of glioblastoma that mimics the clinical scenario of tumor growth and resection.

Discussion {#Sec7}
==========

In this study, we characterized the molecular mechanism underlying the anti-tumor activity of ENb-TRAIL and evaluated its therapeutic efficacy in various cell lines from different cancer types which are inherently non-responsive to EGFR and DR4/5 targeted monotherapies. We demonstrate that ENb-TRAIL engages both EGFR and DR5 simultaneously to form *EGFR*-ENb-TRAIL-*DR5* complex, resulting in DR5 clustering at the plasma membrane and subsequent induction of caspase-mediated apoptosis *in vitro* and in mouse tumor models.

EGFR is frequently overexpressed and/or mutated in cancer, resulting in increased activation of cell proliferation and pro-survival pathways thus rendering EGFR an excellent target for cancer therapy^[@CR28]^. While targeting over-expressed and mutated EGFR on tumor cells is a promising approach it has provided very limited clinical benefit in the setting of glioblastoma^[@CR29]^. There are several EGFR mediated signaling resistance mechanisms that have become evident that potentially reduce efficacy of DR targeted therapeutic agents. For example, EGFR signaling has been shown to operate via activation of PI3K-AKT pathway and we and others have shown that phosphorylated active AKT is a potent inhibitor of apoptosis through its ability to phosphorylate pro-apoptotic proteins^[@CR30]--[@CR34]^. Furthermore, signaling cross talk between the EGFR pathway and the DR pathway has been previously shown by studies in which inhibition of EGFR or PI3K/AKT sensitizes cells to TRAIL-induced apoptosis^[@CR32]^. Therefore, it is critical to develop strategies to simultaneously target cell proliferation and death pathways in tumor cells. Our results reveal that ENb-TRAIL is directly involved in activating DRs in addition to blocking EGFR thereby priming tumor cells for DR mediated apoptosis (Fig. [6](#Fig6){ref-type="fig"}). Furthermore, our studies also reveal that the combined treatment with ENb and TRAIL was not sufficient in inducing apoptosis in TRAIL and ENb unresponsive tumor cells, suggesting that ENb-TRAIL binding to EGFR and DR5 was not only suppressing EGFR pathway and initiating apoptotic pathways, but had additional functions enabling ENb-TRAIL to strongly induce apoptosis in different tumor cell types. These data indicate that the bi-functionality of ENb-TRAIL is not fully recapitulated by a combination treatment of tumor cells with ENb and TRAIL. Our findings are in line with previous observations that although the efficacy of different mono-targeting therapies is often improved by their combination^[@CR35],\ [@CR36]^, the versatility of bi- or multi-targeting formats provide opportunities for the enhancement of cancer therapies via simultaneous engagement of more than one cell surface receptor. Furthermore, our findings revealed that EGFR blocking studies with Cetuximab or ENb reduced ENb-TRAIL induction of apoptosis and the levels of *EGFR*-ENb-TRAIL-*DR5* complex suggesting that ENb-TRAIL binding to EGFR is necessary for the EGFR-ENb-TRAIL-DR5 complex formation and optimum activation of DR5 (Fig. [6](#Fig6){ref-type="fig"}).Figure 6Model of ENb-TRAIL function. EGFR and DR5 are co-engaged at the surface of tumor cells. Trimerized ENb-TRAIL binds simultaneously to EGFR and DR5 leading to receptor clustering and amplification of apoptotic signal. Blocking EGFR with Cetuximab or ENb abolishes ENb-TRAIL binding to EGFR and subsequent activation of apoptosis. EGFR tyrosine kinase inhibitor, Erlotinib inhibits EGFR and AKT activity but does not influence activation of apoptosis by ENb-TRAIL.

Caspases are categorized as initiator or effector caspases, based on their position in apoptotic signaling cascades. Caspases-8 is an initiator caspase, acts apically in cell death pathways and are activated when adaptor proteins interact with the prodomains and promote caspase dimerization^[@CR37],\ [@CR38]^. In contrast, caspase-3 and 7 are effector caspases and following cleavage mediated by an initiator caspase, they act directly on specific cellular substrates to dismantle the cell. In our studies, the activity of caspase 3 evaluates the final outcome of ENb-TRAIL induced apoptosis, and the activations of caspase-8 measured by cleaved caspase 8 are consistent with the caspase 3 activities suggesting that no other intrinsic pathways are involved in ENb-TRAIL induced apoptosis.

Previous studies have shown that a significant number of tumor cells express both DR4 and DR5 and each of these receptors can initiate apoptosis independently. However DR5 is expressed highly on tumor cells than DR4^[@CR39]^ and has therefore been shown to contribute more than DR4 to TRAIL-induced apoptosis in cancer cells that express both DR4 and DR5^[@CR40]^. Consistent with these findings, our studies show that three different tumor types shared similar DR5 cell surface expression levels and have only minimal or no cell surface expression of DR4. Furthermore, our DR4/5 knock down and DR4 overexpression data suggests that DR5 is the major player in mediating ENb-TRAIL-induced apoptosis. The differential response of tumor lines HT29, Calu1, and LN229 to ENb-TRAIL is not sufficiently reflected by the levels of cell surface EGFR and DR5 alone. These differences in sensitivity to ENb-TRAIL between tumor lines may possibly be the result of individual, cell-line dependent heterogeneity.

Our FRET observations provide direct evidence that EGFR and DR5 are co-localized and in close proximity to allow ENb-TRAIL to bind to both EGFR and DR5 simultaneously. Previous studies have shown that both TRAIL and DR4/5 do not require internalization for formation of the death-inducing signaling complex (DISC), activation of caspase-8, or transmission of an apoptotic signal, and blocking DR5 endocytosis does not inhibit apoptosis^[@CR41],\ [@CR42]^. Our studies did not address whether ENb-TRAIL binding induces EGFR and DR5 endocytosis and further studies are warranted to understand if ENb-TRAIL leads to receptor endocytosis and whether this correlates with increased apoptosis.

The *in vitro* response of tumor cell lines to ENb-TRAIL is not directly predictive of the *in vivo* response, therefore it is necessary to test the response of tumor cells to ENb-TRAIL *in vivo*. We and others have previously shown that NSC and MSC migrate extensively toward tumors and therefore have an enormous therapeutic potential as gene delivery vehicles^[@CR43]--[@CR47]^. Most of the cancer cell lines used in this study were specifically chosen based on their unresponsiveness to death receptor agonist, TRAIL. As such, the use of MSC-TRAIL on tumors generated from these tumor lines would not have any significant therapeutic effect *in vivo*. In this study, we armed human MSC with ENb-TRAIL and showed that transgene expression is maintained *in vitro* and *in vivo* over a period of time without affecting stem cell properties. In the subcutaneous admixture experiments of GBM, colon and lung cancer models, the therapeutic efficacy of MSC-ENb-TRAIL was prominent as seen by the reduction in BLI intensities that are representative of tumor volumes. Interestingly, a more significant effect of ENb-TRAIL on tumor cell growth was observed *in vivo* than in culture conditions, which could be attributed to sustained delivery of ENb-TRAIL via MSC and has been shown in previous studies^[@CR23],\ [@CR48]^. Additionally, this could also be due to the amplification of EGFR and subsequent *in vivo* gain of EGFR-dependence of tumor cells in mouse tumor models^[@CR49]^. These findings demonstrate the therapeutic antitumor potential of on-site delivered bispecific therapeutic molecules via engineered stem cells. However, further preclinical characterization of the pharmacokinetic properties of stem cell released molecules *in vivo* will be required before these findings are translatable into a clinical setting in different tumor types.

In an effort to translate stem cell based ENb-TRAIL into clinical settings in brain tumor patients, we tested the efficacy of ENb-TRAIL in primary patient derived GBM cells *in vitro* and *in vivo*. Given the central role tumor resection plays in GBM therapy^[@CR50]^, we have previously developed mouse GBM models of resection and shown that encapsulation of stem cells is necessary to prevent rapid "wash- out" of stem cells in the tumor resection cavity^[@CR51]^. Our data reveal that sECM encapsulated MSC-ENb-TRAIL has therapeutic efficacy in a mouse tumor model of glioblastoma that mimics the clinical scenario of tumor growth and resection. The testing of ENb-TRAIL efficacy in clinically relevant tumor models using proper delivery vehicles is critical to ultimately develop effective therapies for a broad spectrum of tumors.

In conclusion, our mechanistic characterization and preclinical evaluation of ENb-TRAIL in various types of tumor cells provides a new basis for future studies of multifunctional targeted molecules in cancer therapy. The observed therapeutic efficacy of ENb-TRAIL on tumors that are unresponsive to EGFR and DR4/5 mono-targeted therapies in this study encourages additional research with regards to the simultaneous targeting of multiple receptor-mediated signaling pathways and holds promise to aid in overcoming mono-targeted therapeutic resistance.

Materials and Methods {#Sec8}
=====================

Antibodies and Reagents {#Sec9}
-----------------------

The following primary antibodies and reagents were used in this study: Antibodies against phospho-AKT(Ser-473), AKT, Caspase 8, cleaved Caspase 3, EGFR, cleaved PARP, phospho-S6 ribosomal protein(Ser-235/236), S6 ribosomal protein, phospho-p-44/42MAPK(ERK1/2) (Thr202/Tyr204), and p-44/42MAPK(ERK1/2) (Cell Signaling); anti-phospho-EGFR(Tyr-1068) (Abcam); anti-α Tubulin (Sigma); anti-DR5 (Santa Cruz); Cetuximab (ImClone Systems); Erlotinib (Selleck Chemicals); human recombinant EGF (R&D Systems); anti-human CD261 (DR4)PE and anti-human CD262 (DR5)PE(eBioscience).

Cell lines {#Sec10}
----------

Human colorectal cancer cell lines HT29 and HCT116 and established human glioma cell line LN229 were grown in DMEM supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin/streptomycin. Human lung cancer cell lines HCC827 and Calu1 were grown in RPMI1640 supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin/streptomycin. Patient derived primary GBM cell lines GBM6 and GBM31R were grown in neural basal medium (Invitrogen) supplemented with 3 mM L-Glutamine, B27 supplement, N2 supplement, 2µg/ml heparin, 20 ng/ml EGF, and 20 ng/ml bFGF as described previously^[@CR52]^. Human bone marrow-derived MSCs were grown as described previously^[@CR27]^.

shRNA knock down of DR4 or DR5 {#Sec11}
------------------------------

Cells were transduced with lentiviruses, PLKO-1 shDR4, shDR5 or control shRNAs (Open Biosystems) and cell viability and caspase activity on tumor cells expressing shDR4, shDR5 and controls post-ENb-TRAIL treatment were performed as described above. All experiments were performed in triplicate.

*In vivo* assessment of MSC-ENb-TRAIL efficacy in colon, lung, and GBM cancer cells {#Sec12}
-----------------------------------------------------------------------------------

SCID mice (3 week of age, Charles River Laboratories, Wilmington, MA) were implanted subcutaneously with HT29-mCherryFluc, Calu1-mCherryFluc, LN229-mCherryFluc cells (1 × 10^5^; n = 4/group) in a 1:2 mixture of MSC-GFP or MSC-ENb-TRAIL-IRES-GFP cells and tumor cell fate was imaged by Fluc activity as described^[@CR23]^.

*In vivo* assessment of MSC-ENb-TRAIL efficacy in a clinically relevant mouse model of GBM tumor resection {#Sec13}
----------------------------------------------------------------------------------------------------------

To examine the *in vivo* efficacy of MSC-delivered ENb-TRAIL in a primary TRAIL-resistant, EGFR expressing GCS mouse intracranial xenograft resection model, female SCID mice (8--9 weeks of age, 20--25 g in weight) were immobilized on a stereotactic frame 14 days prior to tumor implantation. Using a SZX10 stereo-microscope system (Olympus), a small circular portion of the skull covering the right cerebral hemisphere (\~7 mm in diameter) was removed in order to create a cranial window for subsequent GCS implantation and fluorescence-guided surgical tumor debulking. Two weeks later the mice were again immobilized on a stereotactic frame, the previously established cranial window was exposed and GBM31R-mCherryFluc cells (2 × 10^5^ cells per mouse) were superficially implanted into the right cerebral cortex (2.5-mm lateral from bregma, 0.5-mm deep) of 25 mice. In the following weeks, tumor growth was non-invasively monitored via bioluminescence imaging (BLI) of the tumor cells Fluc signal activity as previously described^[@CR45]^. Approximately 5 weeks after tumor implantation, Fluc signal intensity had increased significantly and mice then underwent fluorescence-guided tumor resection followed by implantation of stem cells into the resection cavity as previously described^[@CR51]^. Groups were as follows: MSC-GFP (n = 7), MSC-ENb-IRES-GFP (n = 8) and MSC-ENb-TRAIL-IRES-GFP (n = 17). To prevent washout of stem cells from the resection cavity by cerebrospinal fluid (CSF), MSCs were encapsulated in biodegradable ECM by mixing 2 × 10^5^ of respective MSCs per mouse with Hystem (6 μl) and matrix cross-linker Extralink (4 μl) approximately 20 minutes prior to implantation in order to allow gel-formation. Mice were imaged for Fluc signal intensity post resection in order to assess tumor debulking. Successful resection was defined as at least a 10-fold postoperative reduction of BLI signal. Of the above groups n = 23 mice met these criteria (MSC-GFP: n = 6; MSC-ENb-IRES-GFP: n = 6; MSC-ENb-TRAIL- IRES-GFP: n = 11) and only these mice were then further followed for survival and sacrificed when neurological symptoms became apparent. Kaplan-Meier curves were generated for survival analysis.

All methods were performed in accordance with the relevant guidelines and regulations and all *in vivo* procedures were approved by the Sub-committee on Research Animal Care at MGH.
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